Abstract. The electronic properties of the organic superconductor (BEDO-TTF)2 ReO4.(H20 ) were investigated by temperature dependent resistivity, ESR, Hall effect and magnetoresistance measurements. Shubnikov-de Haas (SdH) oscillations were observed in magnetic fields up to 24 T in the temperature range 0.5 K to 4.2 K. The electronic band structure of (BEDO-TTF)2 ReO 4. (H20) was calculated by employing the extended Hiickel tight binding method on the basis of its room temperature crystal structure. The two observed SdH frequencies of 75 T and 37 T correspond very well with two cross-sectional areas of the hole and electron Fermi surface pockets obtained from the tight binding calculation. From the temperature dependence of the SdH oscillation amplitudes, the cyclotron effective mass (me) belonging to the larger and smaller pockets were found to be 0.9 m o and mc = 1.15 m 0 respectively. Measurements of the angular dependence of the SdH frequencies show no deviation from that expected for a cylindrical Fermi surface. In terms of our tight binding calculations and experimental measurements, probable causes for the 213K and 35 K phase transitions are discussed. The calculations show that (BEDO-TTF)2 ReO 4.(H20 ) is a two dimensional semimetal but possesses a hidden nesting. The latter is likely to cause an SDW instability leading to the 35 K transition. The resistivity drop associated with the 213 K transition is likely to be induced by an abrupt increase in the relaxation time. The excellent agreement between the calculated and experimentally observed Fermi surface implies that, with decreasing temperature be- 
Introduction
Since the first report of superconductivity in (TMTSF)zPF6 [1] , about 40 more organic superconductors have been discovered [2] . Most organic superconductors are radical salts of the organic donor BEDT-TTF (bis(ethylenedithio)tetrathiafulvalene). BEDO-TTF (bis(ethylenedioxy)tetrathiafulvalene) [3] , an isostructural analogue of BEDT-TTF, led to a number of metallic salts as well [3] [4] [5] [6] [7] [8] [9] , but only two salts, (BEDO-TTF)3Cuz(NCS)3 [5] and (BEDO-TTF)zReO4.(H20) [8, 9] , have so far been found to be superconductors.
(BEDO-TTF)zReOg.(H20) undergoes several interesting phase transitions [8] [9] [10] [11] [12] . The dc resistivity [8, 9] and thermopower [8] of (BEDO-TTF)zReO4. (H20) exhibit a metallic behavior down to 213 K, where a first order phase transition occurs [8] [9] [10] and the resistivity abruptly decreases by about a factor of two. In the temperature range between 213 K and about 35 K, the crystal again exhibits a metallic character, from --~ 35 K to 4 K, the resistivity increases considerably and finally starts to decrease below ~ 3 K to reach a superconducting state with an onset temperature of 2.4 K. In addition, thermopower measurements [8] suggest another phase transition at ~ 90 K but also show a clear metallic behavior for the temperature range below 35 K. The occurrence of several phase transitions is interesting especially because (BEDO-TTF)zReO4. (H20) is a two dimensional (2D) metal according to the dc resistivity measurements [10] and preliminary measurements of Shubnikov de Haas (SdH) oscillations in magnetic fields below 7 T
[11]. The metal metal transition at 213 K can be suppressed by a pressure of about 19 kbar [9] [10] [11] . On the other hand, a relatively small pressure of 1 kbar is already sufficient to suppress the increase in resistivity below 35 K and sharpen the superconducting transition [10, 11] .
Low dimensional metals are susceptible to charge density wave (CDW) or spin density (SDW) instabilities when their Fermi surfaces are nested [13, 14] . Several low dimensional metals exhibit CDW instabilities expected for one dimensional (1 D) metals even though their individual Fermi surfaces possess a 2D metallic character. This puzzling phenomenon has been explained in terms of the hidden nesting concept [15] , which refers to the fact that an electronic instability can arise from hidden 1 D Fermi surfaces. The latter are found by combining the individual 2D Fermi surface together and neglecting the surface noucrossings. In understanding the CDW instabilities of the organic conducting salts (BEDT-TTF)2ReO4 [16] and (BEDT-TTF),Pt(C204) [17] , the hidden nesting concept has also been found essential [18] . Thus, it is important to probe whether or not the hidden nesting concept is also responsible for the increase of the resistivity below 35 K of the 2D metal (BEDO-TTF)zReO4. (H20).
In the present work, we investigated the Fermi surface of (BEDO-TTF)zReOg.(HzO) by SdH measurements in magnetic fields up to 24 T in the temperature range 0.5 to 4.2 K and we calculated the electronic band structure by employing the extended Htiekel tight binding (EHTB) method [19] on the basis of its room temperature crystal structure. Futhermore Hall effect -and ESR measurements were carried out to obtain more information of the probable causes for the metal metal phase transition at 213 K and the phase transition at ~35 K where a resistivity increase is observed.
Experimental
BEDO-TTF was synthesised as described by Suzuki et al. [3] . Crystals of (BEDO-TTF)2ReO4.(H20) were prepared by using the usual electrochemical preparation by taking KReO4 as electrolyte salt together with 18-crown-6 ether in 1,1,2-trichlorethane (TCE). The crystal preparation was similar as described earlier for (BEDT-TTF)2Cu(NCS)2 [20] .
The resistivity measurements were carried out by the usual four point method. On all measured crystals four gold contacts were deposited by evaporation techniques and gold wires with gold paint connected to these contacts. SdH-measurements were done in the High Field Laboratory of the Max Planck Institut in Grenoble, in magnetic fields up to 24 T and in the temperature range 0.5 K-4.2 K. The crystals were mounted in a holder such that they could be tilted (during the experiment) around their a*-and c-axis, the initial field orientation always being along the b-axis (normal to the a* c-plane of conduction) [8] .
The Hall effect measurements were done in a fixed magnetic field of 6.8 T in the temperature range 1.3 K-280 K. The gold contacts at the crystals were again deposited by evaporation techniques. The magnetic field orientation was along the b-axis. The current flow was parallel to the c-axis and the Hall-voltage Un measured in a*-direction. Un was obtained from two independent measurements with the magnetic field direction turned by 180 ~ with respect to each other. The ESR investigations were performed with an Xband spectrometer (Bruker ESP 300) from 4.2 K to 300 K. A single ESR line was observed, as is typical for conduction electrons of a metal. The spit(susceptibility was obtained by the usual way from the ESR linewidth and the intensity of the signal.
Since in our first crystal structure determination of (BEDO-TTF)2ReO4.(H20) [8, 12] a slight disorder in the ReO2-anions was indicated (probably due to a very slight twinning of the crystal), which was not observed later in the investigations of Buravov et al. [9] , we have reinvestigated again the structure with a more perfect single crystal of (BEDO-TTF)zReO4.(H20). In this new refinement (Rw = 0.040) no disorder in the ReO2-anions was found in accordance with [9] .
Results
At room temperature for crystals of (BEDO-TTF)2ReO4.(H20 ) the resistivity ratio pc:pa,:pb,.~ 1:3:1000 [10, 11] . This indicates that the electronic properties of the (BEDO-TTF)zReO4. (HzO) crystals are less ideal two dimensional than those in radical salts of BEDT-TTF. In order to understand the electronic properties better several additional investigations were carried out. Figure 1 shows the resistivity ratio Pa*:Pc for crystals of (BEDO-TTF)2ReO 4. (H20) in the temperature range 2 K to 300 K. It is interesting to notice that this ratio increases slowly by cooling the crystal but starts to increase more rapidly at about 90 K, the temperature where the thermopower measurements [8] indicate another phase transition. The ratio reaches its maximum value of ~ 6 at about 70 K. The maximum value at 70 K varies somewhat from crystal to crystal and was only ~4 for two other crystals. Below 70 K the ratio decreases to a value of 2. In the temperature range 50 K to 2 K the ratio is more or less constant, and especially in the temperature range below 35 K it does not change. The insert in Fig. 1 shows the resistivity Pc versus temperature. Figure 2 shows the temperature dependence of the Hall resistivity Rn=IJUn, where Ic is the current through the (BEDO-TTF)2ReO4.(H20) crystal in c-direction, and Un is the Hall voltage in a*-direction (the magnetic field of 6.8 T is applied parallel to the b-direction). Over the whole temperature range of 1. layer by employing the atomic parameters of the previous work [5] . Figure 9a shows the dispersion relation of the four highest occupied bands of (BEDO-TTF)2ReO4.(H20), and Fig. 9b the density of states (DOS)n(e), calculated for these bands. With the oxidation state (BEDO-TTF)], there are six electrons to fill the four bands so that the highest two bands are partially filled. The Fermi surfaces associated with these bands are shown in Fig. 10 . The hole surface (Fig. 10a) consists of a pocket centered at M with the size of ~ 3.4% of the FBZ. The electron surface (Fig. 10b) consists essentially of two pockets with the size of ~ 1.7% of the FBZ [another electron pocket occurs at X, but it is too small in size to be significant for the electronic properties of (BEDO-TTF)2ReO4. (H20)]. Thus, our calculations predict that (BEDO-TTF)2ReO4.(H20) is a 2D metal, in agreement with the experiment.
Discussion
The most striking result of our investigations is the fact that the SdH measurements below 4.2 K show that (BEDO-TTF)2ReO4. (H20) has two kinds of closed Fermi surface pockets in excellent agreement with the Fermi surface calculated on the basis of the room temperature crystal structure. This is surprising in view of the fact that (BEDO-TTF)2ReO4.(H20) undergoes at least two (the thermopower [8] and the present Hall measurements indicate even three) phase transitions by cooling the crystal down to 4.2 K. Therefore, we will now discuss in more detail the nature of the phase transitions at 213 K and around 35 K before we discuss the experimentally observed properties of the Fermi surface.
Let us first concentrate on the first order phase transition at 213K. In the first report on (BEDO-TTF)2ReO 4.(H20 ) [8] it was speculated that the 213 K metal metal transition is associated with anion ordering, because in this early investigations the structural data indicated a slight disorder in the ReO2 anions. Therefore, as in the case of (TMTSF)2ReO4 [21] at 180 K, it was assumed that at 213 K the ordering of the anions appears. Buravov et al. [9] showed later that the ReO2 anions are already ordered at room temperature, and they speculated that the transition at 213 K is caused by some reorientation of the ReO2 anions and/or H20 molecules. Recent structural investigations at a temperature of 200 K on a crystal of (BEDO-TTF)zReO4. (H20) [22] seem to indicate that a structural phase transition into a phase with lower symmetry (monoclinic-to-triclinic) occurs.
We now consider how the abrupt resistivity decrease at 213 K can be accounted for on the basis of the present electronic band structure calculations. To a first approximation, the resistivity p is inversely proportional to n(ev) % where n(ev) is the density of states (DOS) at the Fermi level (i.e., the carrier density), and z the relaxation time. Thus, a decrease in p means an increase in ~ and/or n(er). The present electronic band structure calculations show that (BEDO-TTF)2ReO4.(H20) is a semimetal, which arises from the fact that the top of the third band overlaps slightly with the bottom of the fourth band (see Fig. 9 a) . The extent of this band overlap might undergo a change to alter the n(eF) value, if ReO2 anions and/or H20 molecules reorient at the phase transition, because the latter will modify the intermolecular interactions between the BEDO-TTF molecules. Nevertheless, if the 213 K phase transition really induces a monoclinicto-triclinic change [22] , this change is expected to involve a slight tilting of the b-axis, which will leave unaffected the essential aspects of the electronic structure of the donor molecule layer. Otherwise, one cannot expect the low temperature physical properties of (BEDO-TTF)2ReO4.(H20) [-as obtained by the SdH measurements] to be so well explained by the electronic band structure calculated on the basis of its room temperature crystal structure (see below). However, the DOS value n(e) does not vary abruptly around the Fermi level (see Fig. 9b ) and indeed, the Hall effect measurements (see Fig. 2 ) suggest that the n(eF) value remains constant during the 213 K phase transition since no change in the Hall resistivity is observed in this temperature range. (Since the Hall resistivity is composed of hole and electron contributions this argument is not rigorous because the concentration of both types of carriers could change in such a way that no change in the Hall resistivity is observed.) Then, the resistivity drop at 213 K would mean that the 213 K transition abruptly increases the relaxation time z. The latter is possible, because the lower temperature structure is likely to be more ordered.
On the other hand the ESR measurements on (BEDO-TTF)2ReO4. (H20) show that at the 213 K transition the spin susceptibility decreases by about a factor of two. Since the Pauli susceptibility is proportional to n(ef), the ESR data suggest that at the 213 K transition n(ef) decreases by a factor of two. This seems to intradict the conclusion of the Hall effect measurements that the n(ee) value remains constant during the 213 K transition.
Nevertheless, the ESR and Hall effect measurements are in agreement in that the 213 K transition does not increase n(ee). Consequently, the resistivity drop at 213 K appears to be caused by an abrupt increase in the relaxation time v.
As for the phase transition at ~ 35 K it was assumed in [8] that disorder phenomena in the anionic and/or cationic sublattice might drive this phase transition and therefore lead to the resistivity increase below 35 K. Buravov et al. [9] pointed out that this is unlikely since usually low temperature phases are more ordered. Furthermore microwave resistivity measurements [9] showed that the resistivity rise below 35 K at 10 GHz is much less pronounced, and thus they proposed by analogy with a similar observation in (TMTSF)2PF6 [23] that the ~ 35 K transition is consistent with a phase transition into a charge density wave (CDW) or spin density wave (SDW) state, and further that an SDW state is more probable because the microwave frequency of 10 GHz is not large enough for the strong resistivity increase. In fact, our ESR measurements (see Fig. 3b ) are consistent with this interpretation, because the susceptibility decreases very slowly in the region below 50 K. If the ~35 K transition were a CDW, a sharp decrease of susceptibility would occur around ~ 35 K. Actually the spin susceptibility starts to decrease already below 90 K, the temperature where the thermopower and Hall effect data indicate another phase transition, while above 90 K the spin susceptibility is constant as expected for a metallic system.
The proposal of an SDW state for the ~ 35 K transition is in apparent contradiction to the calculated hole and electron Fermi surfaces (Fig. 10) because the latter, when viewed individually, do not possess any 1 D character. We now examine a possible hidden nesting in (BEDO-TTF)2ReO4.(H20). The hole and electron Fermi surfaces are combined together in Fig. 11a , which reveals that the hole and electron pockets form a set of 'wavy patterns' running along the c*-direction. As depicted in Fig. llb , each 'wavy pattern' of Fig. 11 a may be considered to originate from a 'wavy stripe' weaving through the 'outer' boundaries of the hole and electron pockets. This is reasonable because, being essentially molecular crystals, organic salts have weak bonding between donor molecules and between molecules and anions. When the temperature is lowered, donor molecules may undergo slight local displacements to adjust to the ensuing decrease in the unit cell volume thereby changing the extend of the 1D or 2D character of the Fermi surface. The 'wavy stripes' of is supported on the basis of the hidden nesting concept [ 15, 18] . The SDW formation removes some of the Fermi surfaces, which explains the finding from the Hall effect measurements (see Fig. 2 ) that there is a drastic change in the number of holes and electrons in the low temperature region. As discussed in the previous section, why there occurs an SDW instability can be explained in terms of hidden nesting. However, the presence of hidden nesting does not necessarily mean that the system will be trapped in an SDW state. With decreasing temperature below 35 K, the system may gradually get out of the SDW state and re-enter the "original" metallic state. This is not surprising because the nesting is not perfect to begin with. The situation is similar to the case of the crystals of (TMTSF)2PF 6 under pressure Ill, provided that the "internal pressure" induced by lattice shrinking is sufficient for (BEDO-TTF)2ReO4.(H20). This explains the presence of the closed Fermi surface pockets at temperatures below 5 K as observed by the SdH oscillations. In addition, this also explains the fact that a relatively low isotropic pressure of less than 1 kbar is sufficient to suppress the resistivity increase below 35 K [9] [10] [11] and sharpen the superconducting transition [-101. In the case of (BEDO-TTF)2ReO4.(HzO) the "internal pressure" induced by lattice shrinking might be sufficient to get out of the SDW state and to re-enter the "original" metallic state, since the electronic properties of (BEDO-TTF)2ReO4. (H20) are certainly less anisotropic than those of the TMTSF radical salts, for which the resistivity ratios along the three different directions are usually about 1:25:1000 [24] .
In view of the calculated Fermi surface and the fact that over the entire temperature range between 1.3 K and 300 K in the magnetic field of 6.8 T the Hall effect is positive, we conclude that the closed pocket with about 1.5% (corresponding to the SdH oscillation frequency F2) of the size of the FBZ represents the hole pocket obtained by the EHTB calculation (see Fig. 10a ), while the other pocket with about 0.7% (F1) of the size of the FBZ belongs to the electron pocket shown in Fig. 10b . The fact that the experimentally observed pockets have about half the size of the calculated ones is not surprising since the calculated Fermi surface was obtained from the room temperature structural data and the crystal undergoes at least two phase transitions by cooling down to 4.2 K. In fact we can conclude that the experimental results are in very good agreement with the EHTB calculations. In addition, the SdH data perfectly follow a F(O)=F(O)/cos 0 behavior (see Fig. 7) as expected for a cylindrical Fermi surface of a quasi two dimensional metal. Furthermore it is now understandable that the calculated carrier concentration obtained from the Hall effect under the assumption that only one type of carriers exists is by far too large, since holes and electrons, both contribute to the Hall voltage.
In view of the small sizes of the closed pockets of only 1.5% and 0.7% of the FBZ, the observed cyclotron effective masses m c (0.9 mo and 1.15 mo respectively) are relatively large. Effective masses of carriers observed for such small pockets are usually much smaller [25] . Therefore, in the case of (BEDO-TTF)2ReO4-(HzO) manybody interactions might give rise to an effective mass enhancement. To check whether this is true or not, further experiments are necessary.
Conclusion
On the basis of electronic band structure calculations and SdH-, Hall effect-and ESR measurements, we investigated the probable causes for the 213 K and ~35 K phase transitions in the organic superconductor value. The former is likely to be correct according to both the Hall effect and ESR measurements. The SdH data show that (BEDO-TTF)2ReO4.(H20) has two kinds of closed surface pockets, in excellent agreement with the Fermi surface calculated on the basis of the room temperature crystal structure. Consequently, with decreasing temperature below ~35 K, (BEDO-TTF)2ReO4.(H20 ) gradually must get out of the SDW state and re-enter the "original" metallic state. The characteristic 1/cos O behavior of the SdH oscillations shows that the Fermi surface has a perfect cylindrical shape as expected for such a layered structure. The relatively large cyclotron effective masses observed for the hole and electron pockets indicate that many-body interactions might be important.
